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Abstract 
Vanadium sensitized silver titanium mixed metal (V-Ag/TiO2) oxides photocatalyst 
nanocomposite was prepared by a sol- gel, hydrothermal route. Lattice fringes for both 
anatase and rutile in its crystalline phase was depicted by X-Ray Diffraction (XRD) structural 
analysis. Surface areas (SBET) analysis shows that synthesized V-Ag/TiO2 has a huge surface 
area of 74.58 m2g-1, compare to TiO2 94.77 m2g-1, Ag-TiO2 89.32 m2g-1 and V-TiO2 82.59 
m2g-1. Optical absorption results demonstrated by UV-Visible Spectroscopy (UV-Vis) shows 
a reduced bandgap energy of 2.3 eV and a shift in spectrum to the visible light region, 
enhancing the visible light absorption capacity of the synthesized photocatalyst. Binding 
energies of species were presented by X-ray photoelectron spectroscopy (XPS). Scanning 
electron microscope (SEM) image shows the formation of a closely stacked cluster composed 
of rod-like aggregated particles of non-uniform diameter while Transition Electron 
Microscope (TEM) shows particle size distribution range between 15-25nm. Synthesized V-
Ag/TiO2 showed tremendous photocatalytic abilities under visible light irradiation as gas 
chromatography–mass spectrometry (GC–MS) analysis of surface water from Lepelle River 
Limpopo province of South Africa demonstrate the selective removal of organic pollutant.  
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Introduction 
Advancing semiconductor nanomaterials to enhance water safety, and polluting 
detoxification treatments opened up new ways to investigate the use of photocatalytic 
technology. The invention of photocatalyst also opened up new fields in the world of water 
purification. The application of photocatalyst is viewed as an alternative to environmental 
management, detoxification of contaminants and organic pollutants using photodegradation. 
Usage of TiO2, as a photocatalyst has gained popularity due to its photo-corrosion 
tolerance, low expense, biological and chemical stability [1, 2]. Nevertheless, TiO2 has four 
major drawbacks; large (3.2 eV) bandgap value, photocatalytic activity only under UV, quick 
recombination of photo-generated electron-hole pairs and weak quantum yield of 
photocatalytic reactions in aqueous solutions [3-5]. Doping extensions, therefore, are the 
most common techniques implemented to boost photocatalytic efficiency of TiO2 [9-11]. It 
can spread the amount of excitable radiation in the visible region and may also change the 
grain and surface morphologies [12], resulting in better visible light absorption and a rise in 
the quantity of surface-active sites open to reactions. [13]. Photocatalyst based on doped TiO2 
was considered a superlative candidate in solar-powered water purification schemes and is 
often utilized as a low-cost industrial alternative source of In2O3:Sn (ITO)[14, 15]. 
Researchers also proposed that the synthesis process and surface alteration by transition metal 
deposition (e.g. platinum, silver, palladium and ruthenium) are two main approaches to 
overcome this downside [6-8]. Two of the most widely utilized and efficient TiO2 dopants are 
Ag and V [10]. Between metal ions, the vanadium ion radius is nearly identical to that of 
titanium and can be conveniently doped into TiO2. Vanadium-doped TiO2 at low 
concentrations has been developed to boost the photocatalytic behaviour of TiO2 by growing 
the existence of the photogenerated charge and expanding the absorption spectrum more 
efficiently than other metal ions [16-19]. From previous work, Zhu et al (2018) uses 
tetrabutyl orthotitanate (C16H40O4Ti), as titanium precursor, triisopropoxyvandium(V) oxide 
(C9H21O4V) as vanadium precursor and silver nitrate (Ag2NO3) as silver sources in the 
synthesis of Ag/V2O5/TiO2 ternary nanostructures for methyl orange degradation. Tripathi et 
al (2010), developed silver sensitized titanium vanadium mixed metal oxides using titanium 
isopropoxide (C12H28O4Ti) as precursor to TiO2, vanadium pentoxide (V2O5) as precursor to 
vanadium and silver chloride (AgCl) as precursor to silver chloride (AgCl). Both studies 
report an improved photocatalytic performance of Ag-TiO2 with vanadium doping. For this 
investigation, titanium (IV) butoxide [Ti(OCH2CH2CH2CH3)4] was used as a precursor to 
titanium, ammonium metavanadate (NH4VO3) as a precursor to vanadium and silver nitrate 
(Ag2NO3) as a silver precursor to synthesise, a vanadium and silver mixed oxides doped 
titanium (V-Ag/TiO2) nanostructured composite using a modified sol-gel and hydrothermal 
method. The use of a modified sol-gel technique helps the preparation of a highly effective, 
visible, doped V-Ag/TiO2 semi-conductive photocatalyst. The microstructural, optical, 
chemical and photocatalytic properties of the doped photocatalyst have been investigated. In 
order to evaluate the photocatalytic performance, degradation of selected organic pollutants 
in river water samples were studied. Surface river water samples from Limpopo were 
gathered from a small rural area called Mathibeng in a sub part of the Lepelle River in South 
Africa was used for this study 
  
Material and Methods  
Materials synthesis  
TiO2 based photocatalyst (TiO2, Ag-TiO2, V-TiO2 and V-Ag/TiO2,) was fabricated by 
a sol-gel and hydrothermal process. To prepare TiO2, 1ml of Titanium (IV) butoxide was 
hydrolysed with 50ml of deionised water. The solution was then decanted after 10mins. 
Thereafter 5ml of hydrogen peroxide was added to the mixture along with 25ml of deionised 
water, allowed for the mixture to react. Continuous stirring was applied to the solution, 
exhibiting an orange yellowish colour sol. The exothermic reaction reacted over a period of 
time till a gel like formation was achieved. Then this solution was autoclaved in a stainless 
Teflon steel flask at 180°C for 4 hours. Followed by cooling naturally at room temperature. It 
was then centrifuged and washed multiple times with ethanol and DI water. The resulted 
precipitant was then kept in the oven at 80oC to dry for 12 hours. To prepare Ag-TiO2, 1ml of 
Titanium (IV) butoxide was hydrolysed with 50ml deionised water (DI). The solution was 
then decanted after 10mins and, 5ml of hydrogen peroxide was added along with 5ml of 
AgNO3 (10mg/l) and 25ml of DI water. Continuous stirring was applied to the solution, until 
the formation of a gel. Then this solution was autoclaved at 180oC for 4 hours. After cooing 
the samples was centrifuged and washed multiple times with ethanol and DI water. The 
resulted precipitant was dried in an oven at 80oC for 12 hours. For V-TiO2 synthesis, 0.1g of 
the ammonium metavanadate (NH4VO3) was added to 25ml of deionised water and 5ml from 
the solution was added as a doping agent, instead of AgNO3. While for V-Ag/TiO2 
photocatalyst synthesis, 5ml of NH4VO3 was added as a doping agent forming the Ag-TiO2, 
continuous stirring was applied to the solution, until the formation of a gel. Then this solution 
was autoclaved at 180oC for 4 hours. After cooing, centrifugation and multiple washing of the 
samples with ethanol and DI water was carried out. The resulted precipitant was oven dried at 
80oC for 12 hours. The weight ratio of TiO2, V and Ag was kept at 6:3:1 
 
Nanocomposite characterization. 
The crystal structure and phase purities were analysed, by (XRD) spectrometer (X-
Pert Philips), at 40 kV voltage ,40μA current and scan from 2θ 10˚ to 90˚. The Brunauer-
Emmett-Teller (BET) was utilized in analyse the surface area of the nanocomposite material, 
using micrometrics ASAP 2460. The ultraviolet visible diffuse reflection spectroscopy (UV-
vis DRS) were recorded using Cary 5000, UV-Vis-NIR spectra-photo meter with a DRA 
inserter. The VG ESCALAB MKII XPS (X-ray photoelectron spectroscopy) system with Al 
Kα X-ray source and a charge neutralizer was used to analysis the surface concentration of 
the nanocomposite photocatalyst. The surface morphology and sizes analysis were analysed 
using a SEM (ZEISS-AurigaCobra SEM, Oberkochen, Germany) and a TEM (JEM-2100 
JEOL electron microscope operating at 200kv accelerating voltage). 
 
Photocatalytic activity test  
Water samples were collected from Leppelle River in a rural area called Mathibeng in 
Limpopo South Africa, on geographical coordinates 24° 26' 0" South, 30° 36' 0" East. 
Representative samples were obtained in amber glass bottles with Teflon caps (1 L) and then 
transferred to the laboratory where they were deposited at 4 ° C for a period of 24 h prior to 
the experimental treatment. Photocatalytic activity test was conducted by dispersing 0.1g of 
the synthesised photocatalyst nanocomposites in 50ml of river water sample in the dark and 
stirred for 30minutes. Furthermore, the solution was exposure to visible light illumination 
while mechanically stirred in a photocatalytic reactor. The visible light source used was the 
80W compact fluorescent 220-240V 50-60Hz lamp (Philips Halotone Plus Line). The 
radiation available at batch reactor surface was 52.2W/m2. (measured using Research 
Radiometer, International light, USA. Aliquots sample was collected from the solution and 
filtered through 0.2µm PTFE syringes, and was used for analysis. Sample was evaluated 
before and after photocatalytic treatment, the evaluation was carried out utilizing a Gas 
Chromatography- Mass Spectrometry (GC-MS). GC-MS analysis was carried out on a GC 
clarus 500 Perkin Elmer system comprising a AOC-20i auto sampler and gas chromatograph 
interfaced to a mass spectrometer (GC-MS) instrument employing the following conditions: 
column; Elite-1 fused silica capillary column (30 x 0.25 mm ID x 1μM df, composed of 
100% Dimethyl poly diloxane), operating in electron impact mode at 70eV; helium 
(99.999%) was used as carrier gas at a constant flow of 1 ml /min and an injection volume of 
0.5 μI was employed (split ratio of 10:1) injector temperature 250 ºC;ion-source temperature 
280 ºC. Full scan quadrupole mass spectrometry was utilized for the analysis. Electro 
conductivity meter (EC meter) was used to determine the temperature, electrical conductivity 
(EC), and pH levels of each sample, while the turbidity measurement was carried out, using a 
TB 200 portable turbidimeter (Orbeco Hellige, Sarasota, FL, USA) before and after treatment 
of river water samples.  
 
RESULT AND DISCUSSION  
Characterization of Photocatalyst Nanocoposite 
Fig. 1, illustrates the phase diffraction peaks for TiO2, Ag-TiO2, V-TiO2, and V-
Ag/TiO2. The diffraction peaks illustrate the combined crystallinity phases of rutile and 
anatase. The peak for anatase appears at a 2θ value of 25.4°. The correspondence is with 
agreement to crystal plane (101) consistent with JCPDS database # 89-4921. Ag-TiO2 and V-
Ag/TiO2 exhibit higher anatase phase. It was observed, that at 2θ value of 27. 5°, the most 
intense peak for rutile phase appears. The 2θ values for 25.4 and 27.5°, appears in all the 
XRD patterns for each catalyst, which correspond to crystal planes (101) for anatase and 
(110) for rutile, respectively [20]. The cubic phase for V-Ag/TiO2 for anatase and rutile are 
with agreement with JCPDS database (#00-006-9240) and (#00-072-4812). Ag-TiO2 and V-
Ag/TiO2 shows to have excellent anatase ratios. Figure 1 (inset), exhibits the change in the 
(101)/ (110) plane intensity ratio for each catalyst. The plane intensity ratio for each catalyst 
upsurges as the structure of the photocatalyst changes due to doping, with V-Ag/TiO2 shows 
the utmost plane intensity ratio. The addition of dopant has resulted an increase in the anatase 
phase, this is in agreement with other studies [14, 15, 21]. 
 
Figure 1. XRD spectral for synthesised TiO2, Ag-TiO2, V-TiO2, V-Ag/TiO2 
 
The specific areas record by SBET for TiO2, V-Ag/TiO2, Ag-TiO2, and V-TiO2, were 
94.77 m2 g-1, 89.32 m2 g-1, 82.59 m2 g-1, and 74.58 m2 g-1. As seen, V-Ag/TiO2 photocatalyst 
has the highest surface area owing to their smaller crystallite size.  It has been explained that 
the higher specific surface area can increase the activity of photocatalyst as it provided more 
site for light absorption [20-23].  
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Figure 2. Energy band gap of synthesised photocatalyst by Tauc equation 
 
As shown in Fig. 2 and Table 1, the bands gap energies for TiO2, Ag-TiO2, V-TiO2 
and V-Ag/TiO2 were interpolated to be 2.9, 2.8, 2.5, 2.3 (eV). The V-Ag/TiO2 photocatalyst 
is seen to have achieved a desirable smaller band energy value. The smaller band gap enables 
the photocatalyst to be activated with lower energy in the visible light region. 
 
Table 1 Energy band gap for TiO2, Ag-TiO2, V-TiO2 and Ag-TiVOX 
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Figure 3: Full Scan Survey of synthesised V-Ag/TiO2 sample 
 
The XPS study (Fig 3) shows the binding energy peaks C1s core level peaks at 284.19 
eV, while the binding energy peaks for Ti 2p3/2 and Ti 2p1/2 occur at peak values of 459.25 
and 465.18 eV, signifying the formation of Ti4+ in TiO2 [23-25]. The peaks values of 469.25 
and 514.25 eV, correspond to binding energies for V 2p3/2 and V 2p1/2, illustrating the 
occurrence of vanadium on the catalyst surface in the IV state [24]. Large to low binding 
energy levels at 3d5/2 and 3d3/2 correspond to peaks values of 367.4 eV and 373.4 eV was 
were observed for Ag [24, 25]. A significant interaction of the V nano-sized particles with 
TiO2 and Ag was observed to have transferred excited electrons, depleting a significant 
interaction between the TiO2 and V particles, resulting in excited electrons transfers on the 
surface area of the catalyst. Fig 3, also indicates a significant signal at 530.15 eV, which 
agrees with the phototransition of O1s; ultimately, the signal found at 285.08 eV relates to the 
electronic transformation of C1s. This signal is characteristic of the absorbed CO2 [23-25].  
V-Ag/TiO2 been the most reactive photocatalyst as shown in Fig. 4, was used as 
representative sample for SEM surface morphology. As revealed in Fig. 5, the SEM image 
shows the formation of a closely stacked cluster composed of rod-like aggregated particles of 
non-uniform diameter. The linked EDS graphs of Ti, V and Ag are seen in the insets. The 
standardized arrangement of the three components clearly supports the co-existence of TiO2, 
V and Ag in the nanocomposite. 
 
 
Figure 4. SEM image of V-Ag/TiO2 
 
Figure 5. HRTEM images for V-Ag/TiO2 
 
HRTEM images and bright field patterns for V-Ag/TiO2 catalysts were recorded and 
shown in Fig. 5. The synthesis particles were non uniform, roughly rod-like shaped with a 
particle size distribution range between 10-25nm. This rod-like shape differs from rectangular 
shape reported by Zhu et al (2018), which can be attributed to the type of precursor and 
synthesis method employed. Furthermore, the images reveals the crystalline nature of the 
synthesized catalyst. 
 
Photocatalytic Evaluation  
The evaluation results of water quality for treated and untreated river water are shown 
in Table 2, pH value of treated wastewater increases with V-TiO2 having the highest pH of 
9.36, this was due to the addition of ammonium metavanadate (NH4VO3) used in the 
synthesis of V-TiO2. EC also shows increase after treatment with TiO2 having the highest 
value of 0.79 and 8.94. TDS shows a slight increase from 0.35 before treatment to 0.37 after 
treatment with co-doped V-Ag/TiO2 and a constant value of 0.39 for others 
 
Table 2. Water quality evaluation results for river water at a temperate of 20.3oC 
Before testing 
Samples pH EC (ms/I) Turbidity (ppm) 
River water 7.78 0.70 12.7 
After testing 
Samples pH EC (ms/I) Turbidity (ppm) 
TiO2 8.58 0.79 0.39 
Ag-TiO2 9.06 0.78 0.39 
V-TiO2 9.36 0.78 0.39 
V-Ag/TiO2 9.13 0.74 0.37 
 
The GC-MS spectrum of water sample collected from surface water from Lepelle 
River from Limpopo province South Africa, are shown in Figure 6. The presence of thirty 
four (34) organic compounds were detected in the water sample, these organic contaminants 
originated from sources such as food, pharmaceutical intake, urine and excretion, cleaning 
and personal care products, furniture, building materials, floor treatments, industrial effluents 
etc. Interpretation of mass spectrum GC-MS was determined using the database of National 
Institute Standard and Technology (NIST) having over 62,000 patterns. The spectrum of the 
unknown component was matched with the spectrum of the known components available in 
the NIST library. The name, molecular weight (MW), retention time (RT), peak area, and 
fragmentation ions (m/z) of each compound was ascertained and presented in Tables 3. 
Removal efficiency (R), were determine through peak area normalization and calculated 
using the following equation [26, 27]. 
R(%) =  𝐶𝐶𝑜𝑜−𝐶𝐶𝑒𝑒
𝐶𝐶𝑜𝑜
 𝑋𝑋 100        (1) 
Were Co and Ce are initial and final peak area of the river water 
 
Figure 6. Chromatograms of surface water from Lepelle River before treatment 
 
Figure 7. Chromatograms of surface water from Lepelle River after treatment 
 
Table 3. Compounds identified in the water sample from Lepelle River before treatment 
RT 
(Min) 






3.321 Oxime-,methoxy-phenyl C8H9NO2 151.16 2.76 133,135,151 
4.343 1-Methyl-4-(prop-1-en-2-yl)benzene C10H12 132.20 17.27 91, 115, 117, 132 
4.682 Octamethylcyclotetrasiloxane C8H24O4Si4 296.61 1.28 281, 282, 283 
5.775 Benzaldehyde,2,5-bis[(trimethylsilyl)oxy] C13H22O3Si2 282.48 4.62 73, 267, 268, 
6.119 3-lsopropoxy-1,1,1,5,5,5-hexamethyl-3 C12H34O4Si4 354.74 1.13 43, 73, 281  
6.919 3,3,5-Triethoxy-1,1,1,7,7,7-hexamethyl-5 C15H42O7Si5 474.91 0.59 73, 327, 341 
8.723 3-Butoxy-,1,1,1,7,7,7-hexamethyl-3,5,5 C19H54O7Si7 591.20 0.22 73, 57, 147  
12.270 13-Hexyloxacyclotridec-10-en-2-one C18H32O2 280.40 0.43 55, 41, 98 
12.680 Z,Z-8,10-Hexadecadien-1-ol C16H30O 238.41 3.11 41, 55, 67  
12.730 1-(4-Methyl-1H-imidazol-2-yl)ethanone C6H8N2O 124.14 1.02 51, 54, 96 
12.990 2-Butenoic acid, 2-methyl-, butyl ester, (E)- C9H16O2 156.22 4.19 55, 83, 101 
13.034 Hexadecanoic acid,1-(hydroxymethyl)-1 C35H68O5 568.90 2.18 43, 55, 57 
13.090 1,3-Diisopropylbenzene C12H18 162.27 1.31 121, 149, 163  
13.150 Eicosanoic acid C20H40O2 312.5 3.21 116, 121, 132, 144  
13.265 N-Benzyloxycarbonylglycine C10H11NO4 209.20 8.71 79, 91, 108 
13.435 Nicotinamide C6H6N2O 122.12 1.49 53, 78, 80, 122, 136 
13.490 Decanedioic acid C10H18O4 202.25 1.03 85, 132, 161, 185 
13.535 Citronellyl isobutyrate C14H26O2 226.35 2.44 41, 43, 69, 81, 95 
13.684 Tridecane C13H28 184.36 1.59 70, 71, 81, 82, 111 
13.725 1H-1,2,4-Triazole-3-carboxylic acid C3H3N3O2 113.08 0.77 42, 44, 69 
13.760 Nonanoyl chloride C9H17ClO 113.08 0.87 27, 29, 41 
13.815 L-menthoxyacetic acid C12H22O3 214.30 0.97 81, 95, 129  
13.870 Norbelladine C15H17NO3 259.30 0.68 66, 108, 122 
13.950 N-Butyl oleate C22H42O2 338.60 1.44 57, 83, 98, 97 
14.070 Triacontyl acetate C32H64O2 480.80 0.74 43, 57, 97 
14.207 1,3,5-Trisilacyclohexane, 1-methyl- C4H9Si3 141.37 1.84 131, 144, 145 
15.425 12-Trimethylsilyloxy-9-octadecenoic acid C24H50O3Si2 442.80 0.98 73, 75, 187 
15.480 Caproaldehyde C6H12O 100.16 0.53 27, 41, 43, 44, 56  
15.578 1H-lndole-3-acetic acid C10H9NO2 175.18 1.87 73, 102, 130, 202  
16.482 Lucenin 2 C27H30O16 610.50 0.38 103, 520, 550, 579 
16.570 alpha-Ionol C13H22O 194.31 0.21 43, 95, 138 
16.693 (E)-9-Octadecenoic acid propyl ester C21H40O2 324.50 0.77 43,55, 69, 265 
17.650 Cyclohexane,(1-butylhexane)- C10H20 140.27 0.27 41, 81, 83, 100, 140  
17.735 Decanoic acid C10H20O2 172.26 0.29 60, 73, 117, 229 
 
Figure 7, shows GC-MS spectrum of river water samples after treatment using the 
synthesized codoped V-Ag/TiO2 photocatalyst nanocomposite under visible light irradiation. 
It was observed that the photocatalyst was successful in removal of some selected organic 
contaminates as shown in Table 4. The removal efficiencies as calculated, indicated that 
66.07 % removal was recorded for 1-Methyl-4-(prop-1-en-2-yl)benzene, 61.23 % for Oxime-
,methoxy-phenyl, 58.74 % for Benzaldehyde,2,5-bis[(trimethylsilyl)oxy], 55.14 % for 
Eicosanoic acid, 54.01% for 1H-Indole-3-acetic acid and 30.47 % removal efficiencies, was 
recorded for Octamethylcyclotetrasiloxane. The mass spectral and structure of the selected 
organic pollutant from the river surface water degraded by the synthesized codoped V-
Ag/TiO2 photocatalyst nanocomposite are shown in Figure 8. 
Table 4. Identified compounds removed from water sample after treatment 
Identified  Compound MW Molecular Formula 
Peak Area % 
(Before) 




1-Methyl-4-(prop-1-en-2-yl)benzene 132.20 C10H12 17.27 5.86 66.07 
Oxime-,methoxy-phenyl 151.16 C8H9NO2 02.76 1.07 61.23 
Benzaldehyde,2,5-bis[(trimethylsilyl)oxy] 282.48 C13H22O3Si2 05.72 2.36 58.74 
Eicosanoic acid 312.50 C20H40O2 03.21 1.44 55.14 
1H-Indole-3-acetic acid  175.18 C10H9NO2 01.87 0.86 54.01 
Octamethylcyclotetrasiloxane 296.61 C8H24O4Si4 01.28 0.89 30.47 
 
 
   
  
Figure 8: Mass spectral and structures of selected organic pollutant from water sample 
CONCLUSION  
Vanadium and silver co-doped titanium oxide photocatalyst nanocomposite was 
successful synthesised using a sol gel and hydrothermal method. Fabricated photocatalyst 
shows reduced band gap of 2.3 eV, particle size of between 15-25nm, significant 
enhancements in the photocatalytic activity at visible light irradiation and large surface area 
of 74.58 m2 g-1. GC-MS results have also demonstrated the ability of these photocatalyst 
nanocomposite to selective degrade organic pollutant from river surface water. Generally this 
study offers an approach for the further enrichment of photocatalytic activities of TiO2. This 
strategy might contribute to environmental remediation, using an effective photocatalyst to 
remove pollutant or contaminants in the environment. 
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